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Chapter 1 Introduction  
Cerium oxides (CeO2) has been recognized as one of the best candidates for catalysts and electrolytes in solid oxide fuel cells,[1-2] 
due to the high oxygen storage capacity (OSC), which originated from flexible valence switching between Ce (IV) and Ce (III). The 
formation of structural defects (Ce3+ and Vo) on the surface of CeO2 are proven to behave as the active sites for many catalytic 
reactions.[3] The surface defects in CeO2 are responsible for its superior performance in catalytic fields, and it is essential for pursuing 
of higher defects concentration in CeO2 based catalysts. Nano-sized CeO2 caters to the expectations of highly defective ceria.[4] Still, 
there are important factors, such as morphologies, nanoparticle size, and functional dopant etc., which should be considered 
concerning the increase of surface defects (Ce3+ and Vo) for the practical applications of CeO2 nanocrystals.  
Chapter 2 Research Background   
With the aid the effective synthetic methods, various CeO2 nanostructures have been fabricated.[5] The desired morphologies are 
controlled by the exposure of specific facets, like {100} and {110} facets, which has been confirmed to be relatively high reactivity 
over {111}.[6] Considering of this, CeO2 cubic nanocrystals (CeO2 cNCs) were usually fabricated with the aid of organic 
surfactant.[7] Previous reports have proposed the mechanism of surfactant-mediated formation of CeO2 cNCs, that surfactant 
molecules are mainly bonded on the {100} than {111} and {110} facets, resulting into the limited growth along <001> direction and 
forming the cubic nanocrystals by exposing {100} facet. However, the direct experimental evidence are still lacked.  
The CeO2 cNCs have showed superior performance as a catalyst and an oxygen storage material over the other shapes.[8-9] 
Although lots of efforts have been made for detection and visualized the structural defects (Ce3+ and Vo) in CeO2 nanocrystals using 
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various characterization methods,[10-11] the formation and distribution of them inside the CeO2 cNCs, especially in the atomic scale, 
are necessary to elucidate the relationship between the defects and particles size. In addition, it has been reported that heterogeneous 
dopant, such as Y, Zr, and Cr etc., can be effective for the formation of Ce3+.[12] While the effect of the functional metal dopants on 
the formation and distribution of structural defects in CeO2 nanocrystals are still unclear.  
With the aim at designing novel kinds of CeO2-based nano-catalysts and solid electrolytes, the deeply investigation of structural and 
chemical properties of CeO2 nanocrystals is essential. Therefore, advanced characterization methods, including transmission electron 
microscopy (TEM), scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) are required 
to carry out the atomic scale analysis on the surface structure and chemical properties of CeO2 cNCs, and obtain the fundamental 
understanding on the intrinsic features of CeO2 cNCs.   
Chapter 3 Direct observation of surfactant molecules on CeO2 cNCs   
The direct characterization of organic surfactant on CeO2 cNCs were conducted by using the state-of-the-art aberration corrected 
STEM imaging and EELS techniques.[14] The existence and distribution of surfactant molecules are observed by EELS mapping in 
Figure 1. Obviously, the surfactant molecules were full of the inter-NCs regions as shown in Figure 1a, b, indicating that the surfactant 
coverage played the role of separating them apart and stabilizing the ordered arrangement without aggregation. Moreover, the 
different surfactant density at the main facet of {100} and small edge of {110} in Figure 1c, provides the direct experimental evidence 
that surfactant molecules preferred to bond on the surface of {100} facets during the formation of cubic CeO2 NCs. On the other hand, 
by fine-tuning of imaging condition in a STEM mode, the 
precise control over the convergence angle (α) and detector 
collection angle (β) was achieved, yielding an enhanced contrast 
for molecular chain of organic surfactant on the surface of CeO2 
cNC. Such direct characterization of organic surfactant 
molecules on the surface of CeO2 NCs provides a basis for the 
further investigation of the interface chemistry between the 
inorganic nanocrystals and organic surfactant.   
Chapter 4 Atomic-scale valence state distribution inside ultrafine CeO2 cNCs and its size dependence 
The distribution of Ce valence states across an ultrafine CeO2 cNCs perpendicular to the {100} exposed facet were investigated 
layer-by-layer in detail using state-of-the-art STEM-EELS measurements in Figure 2.[15] The effect of size on the distribution of Ce 
valence states inside CeO2 cNCs was demonstrated, showing that large number of Ce3+ cations exist not only in the surface layers, but 
Figure1: Direct observation of surfactant by STEM-EELS mapping.  
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in the center atomic layers of smaller CeO2 cNCs in Figure 2b, which is in 
contrast to those in larger NCs in Figure 2a.As a result, CeO2 cNC with a size 
of 5.4 nm contained a high Ce3+ cations concentration of 53.7%, which 
should be responsible for the outstanding oxygen storage capacity (OSC) of 
258.7 μmol-O g-1 even at a low temperature of 250 °C. On the other hand, 
based on atomic-scale analysis of the local structure, the decreased size 
induced overall lattice expansion in CeO2 cNCs, especially when the particle 
size reduced to approximately 5 nm. The theoretical calculation of the Vo 
formation energy with respect to particle size indicated that the expanded 
lattice, which was observed in smaller particle, facilitated the formation of Vo 
due to lowering its formation energy.  Such directly observing the 
distribution of structural defects inside the ultrafine nanocrystals, offering 
substantial proofs for the argument of the relationship between lattice 
structure and defects (Ce3+ and Vo) as a function of size.  
Chapter 5 Cr-doped CeO2 cNCs and Cr effect on the structure and chemical property 
After understanding the particle size effect on the formation and distribution of Ce3+ inside the CeO2 cNCs, the 
Cr dopant was introduce due to its ultrahigh catalytic reactivity,[13] as one example to investigate the metal 
dopant on the Ce valence state.[16] The dopant existence in CeO2 cNCs is confirmed by STEM-EELS, showing an 
average amount of approximately 3%. After that, based on the 
microscopic analytic methods using STEM-EELS, the layer-by-layer 
analysis of Ce valence states across an ultrafine Cr-doped CeO2 cNCs 
perpendicular to the {100} exposed facet are investigated. Comparatively, 
a considerable large amount of Ce3+ cations is detected inside the 
Cr-doped CeO2 cNCs as the size ranging from 7.1 to 8.6 nm, in contrast 
to those in non-doped CeO2 cNCs. Therefore, the introduction of Cr lead 
to the increased Ce3+ as comparing to the non-doped CeO2 cNCs, as a 
function of particle size as depicted in Figure 3. Besides, the theoretical 
calculation of the Vo forming energy (Ef) concerning the effect of Cr 
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Figure 2. Layer-by-layer STEM-EELS detection of the Ce 
valence state distribution inside CeO2 cNCs.   
Figure 3. The comparison of overall Ce3+ 
concentration for non-doped CeO2 cNCs and Cr 
doped CeO2 cNCs, as a function of particle size. 
 




















sample of Cr-doped CeO2 cNCs is responsible for the improved OSC performance comparing to the non-doped 
CeO2 cNCs.  
Chapter 6 Conclusions 
In this thesis, by the combination of advanced microscopic methods, such as TEM, STEM and EELS, and 
theoretical simulation, the atomic scale characterization of the surface structure and chemical properties are 
achieved. Direct observation of organic surfactant molecules on CeO2 cNCs offers a decisive proof to support the 
proposed mechanism of surfactant-mediated formation of cubic CeO2 nanocrystals. Moreover, the layer-by-layer 
analysis on the Ce valence state distribution inside CeO2 cNCs and Cr-doped CeO2 cNCs, indicates that particle 
size, lattice parameter and dopant play vital role on the formation and distribution of Ce3+ and Vo. Such 
quantitative analysis of the local structural transformation provides a basis for understanding of the intrinsic 
features inside the CeO2 nanocrystals and the critical guidance for the fabrication and design of novel oxygen 
storage materials which hold substantial promise in various industrial applications.  
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